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We  report  the  synthesis  of  titania  (Ti02)  nanotubes  (NTs)  with  precisely  controlled  wall  thickness  by 
atomic  layer  deposition  (ALD)  using  alumina  membranes  as  template  and  their  application  as  anode 
material  for  lithium  (Li)  ion  storage  in  secondary  battery.  As-grown  nanotubes  are  amorphous  in  nature 
and  transform  into  anatase  phase  by  subsequent  thermal  annealing.  The  charge/discharge  capacities 
and  rate  performance  are  found  to  be  dependent  on  the  wall  thickness,  which  is  highly  uniform,  of  the 
NTs.  Maximum  reversible  capacity  for  Li-insertion  in  anatase  TiCb  ~  330  mAh  g-1  has  been  achieved  by 
reducing  the  tube  wall  thickness  to  5  nm.  NTs  with  the  wall  thickness  of  40  nm  show  reversible  capacity 
of  ~170mAhg-1  which  is  similar  to  the  maximum  theoretical  capacity  of  the  bulk  anatase  as  reported. 
With  decrease  in  the  wall  thickness,  rate  performance  of  the  NTs  is  significantly  improved.  NTs  with  5  nm 
in  the  wall  thickness  render  excellent  rate  capability  and  cycle  response. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Materials  for  electrode  often  play  a  vital  role  in  the  development 
of  new  generation  of  lithium-ion  batteries  with  improved  cell  per¬ 
formance.  The  search  for  novel  electrode  materials  with  enhanced 
electrochemical  properties  as  well  as  safer  and  cheaper  is  still 
remains  a  challenge.  As  a  challenge  to  improve  the  cell  performance 
of  Li-storage,  nanostructuring  is  promising  scheme  which  enables 
higher  intercalation/de-intercalation  rates  and  power  [1-3].  The 
reduced  dimensions  significantly  diminish  the  ionic  and  elec¬ 
tronic  paths  and  provide  a  very  high  surface  area,  which  improves 
the  rate  capability  and  specific  capacity.  Li-ion  batteries  using 
nanoparticle-based  electrodes  have  been  reported  in  the  literature, 
which  show  better  performance  compared  to  their  bulk  and/or  thin 
films  [4-7].  The  main  drawback  using  the  nanoparticle-based  elec¬ 
trodes  is  identified  with  their  long  current  flow  path  and  hence 
slow  charging/discharging  rate.  Vertically  aligned  array  of  the  one¬ 
dimensional  (ID)  nanostructures  (NSs),  for  example,  nanorods, 
nanowires,  nanotubes  (NTs),  etc.,  directly  on  metallic  substrates 
as  current  collectors  are  expected  to  have  some  more  advantages, 
which  include  larger  surface  area,  efficient  diffusion  of  elec¬ 
trolyte,  accommodation  of  strain  without  irregular  expansion  and 
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directional  pathway  of  carriers,  over  the  nanoparticle-based  elec¬ 
trode  [8,9].  Among  ID  NSs,  NTs  are  superior  to  nanorods  and 
nanowires  as  electrode  materials  on  the  account  of  their  higher 
surface  area  (both  the  inner  and  outer  surfaces  can  be  exposed 
to  the  electrolyte)  which  is  beneficial  for  electrochemical  perfor¬ 
mance  [10-15].  Axial  void  spaces  of  the  NTs  also  accommodate  the 
volume  expansion  during  Li-insertion  and  extraction  and  eliminate 
the  internal  stress  in  the  material  providing  excellent  cyclability 
[16]. 

Ti02  has  been  studied  extensively  as  anode  material  for  Li-ion 
battery  since  it  has  very  high  chemical  stability,  low  self-discharge 
rate,  low  fabrication  cost  and  environmentally  benign.  Ti02  has 
been  recognized  as  a  safe  anode  material  owing  to  its  higher 
Li-insertion  potential  (~1.7V  vs  Li+/Li)  compared  to  well  known 
graphite  anode  (~0.1  V  vs  Li+/Li).  Electrochemical  performance  of 
various  Ti02  phases  including  anatase  (Mj/amd)  [17-19],  rutile 
( P42\mnm )  [20,21],  Ti02-B  (C2/m)  [22],  brookite  ( Pbca )  [23],  hol- 
landite  (/4/m)  [24],  ramsdellite  ( Pbnm )  [25]  and  amorphous  [26,27] 
have  been  investigated.  Among  them,  anatase  is  remarkable  of  its 
reversible  uptake  of  0.5  Li  per  Ti02  formula  unit  [28]  and  fast  Li-ion 
insertion  and  extraction  for  which  high  power  and  energy  densities 
can  be  expected.  The  overall  Li  insertion  and  de-insertion  in/from 
the  Ti02  can  be  described  as: 

Ti02 +xLi+ +xe_ +>  LixTi02  (1) 

Upon  Li  insertion,  the  tetragonal  phase  Ti02  (space  group:  14\ lamd) 
undergoes  a  phase  transition  to  orthorhombic  lithium  titanate 
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(Li0.5TiO2,  space  group:  Imma )  through  Li-poor  Ti02  solid  solutions 
(space  group:  I4\\axnd)  [29,30].  The  transformation  from  anatase 
to  Li0.5TiO2  orthorhombic  phase  is  a  completely  reversible  reac¬ 
tion.  The  inserted  Li-ions  in  the  Ti02  matrix  occupy  the  interstitial 
octahedral  sites  in  random  fashion  where  there  are  four  octahe¬ 
dral  sites  available  per  unit  cell.  The  average  overall  occupation 
factor  of  the  octahedral  sites  of  anatase  (~0.5)  is  restricted  by  the 
Li+-Li+  repulsive  interactions.  The  main  redox  reaction  responsi¬ 
ble  for  the  electrochemical  activity  is  the  conversion  of  Ti4+/Ti3+ 
during  the  discharge  process  and  vice  versa  during  the  charging 
process. 

It  has  been  reported  that  the  nanosized  Ti02  can  accept  more 
Li  in  the  structure  forming  a  new  phase  LiiTi02  having  the  same 
space  group  (Mj/amd)  as  anatase,  but  with  shifted  lattice  param¬ 
eters  a,  from  3.792  to  4.043  A  and  b ,  from  9.497  to  8.628  A  [31]. 
With  the  formation  of  LiiTi02  (x  =  l)  phase,  the  structure  hosts 
extra  Li  compared  to  the  bulk  and  the  capacity  reaches  to  the  theo¬ 
retical  maximum  value  of  ~335  mAhg-1  for  the  anatase  Ti02.  The 
particle  sizes  below  7  nm  can  only  hosts  lithium  fraction  x  =  1  and 
completely  converts  into  LiiTi02,  whereas  larger  particles  convert 
less  and  makes  the  maximum  obtainable  Li  fraction  depending  on 
the  particle  size  [32-34].  Using  particles  in  nanometer  scale,  it  has 
inherently  the  size  distribution  and  makes  the  conclusion  unclear. 
Therefore,  size-controlled  as  well  as  mono-sized  ID  NSs  (diame¬ 
ter  in  the  case  of  nanowires  and/or  nanorods  and  wall  thickness  in 
NTs)  of  Ti02  are  ideal  candidate  to  maximize  the  performances  and 
to  study  the  “true”  nanoscale  size  effect  in  Li  intercalations. 

Most  of  the  Ti02  NT  array  based  anodes  for  lithium-ion  battery 
application  have  been  grown  directly  on  Ti  metal  by  anodic  oxi¬ 
dation  taking  the  advantage  of  the  conductivity  of  the  metal  sheet 
which  takes  part  as  current  collector.  Precise  control  of  wall  thick¬ 
ness  of  the  NTs  in  nanometer  range  accuracy  by  anodic  oxidation  is, 
however,  a  nontrivial  task.  Atomic  layer  deposition  (ALD)  is  superb 
in  this  respect  because  of  its  self-limiting  nature,  which  gives  rise 
to  a  conformal  growth  over  high  aspect  ratio  features  and  an  easy 
control  over  the  wall  thickness  of  NTs.  In  spite  of  these  remarkable 
features,  ALD  grown  Ti02  NTs  have  attracted  a  little  attention  so 
far  for  electrode  (anode)  application  in  Li-ion  battery  [35]  because 
of  the  product  cost  point  of  view.  Although  anodization  of  Ti  metal 
is  simpler  and  inexpensive  than  ALD,  anodization  is  not  suitable  to 
study  precisely  the  wall  thickness  dependent  electrochemical  per¬ 
formance  of  the  NTs  owing  to  the  lack  of  control  over  the  structure 
and  growth  rate.  Here  in,  we  have  applied  ALD  for  the  synthesis  of 
Ti02  NTs  using  porous  alumina  membrane  as  template  where  the 
current  collector  was  fabricated  by  depositing  the  Ti  metal  film  on 
one  face  of  the  NTs.  In  this  paper,  we  have  reported  the  electro¬ 
chemical  performance  of  arrayed  Ti02  NT-based  anodes  with  the 
variations  in  the  wall  thickness  of  the  tubes.  The  “true”  nano-size 
effect  in  mono-sized  tubular  structure  for  the  hosting  of  Li-ions  has 
been  discussed. 


2.  Experimental 

Arrays  of  Ti02  NTs  were  fabricated  by  coating  the  inner  pores 
of  commercially  available  alumina  membranes  (Anodisk  13,  What¬ 
man,  UK)  by  atomic  layer  deposition  (ALD)  (Ozone-Forall,  Korea) 
using  titanium  (IV)  iso-propoxide  (TTIP,  UP  Chemical)  as  Ti  precur¬ 
sor  and  water  vapor  as  oxidant.  Ar  gas  with  flow  rate  of  100  seem 
was  used  as  carrier  and  also  for  purging.  Single  ALD  cycle  consisted 
of  an  injection  of  TTIP  for  1 0  s,  an  Ar  purge  for  40  s,  H20  vapor  pulse 
for  10  s,  and  another  Ar  purge  for  40  s.  All  the  depositions  were 
performed  at  160  °C  with  a  working  pressure  of  ~347  N  m-2.  After 
completion  of  each  cycle,  the  chamber  was  evacuated  by  a  rotary 
pump  in  order  to  remove  the  excess  reactants  and  the  reaction  by¬ 
products.  Total  time  required  for  the  completion  of  each  cycle  was 


Fig.  1.  Cross-sectional  FESEM  image  of  Ti02  NTs  inside  alumina  template.  Inset 
shows  the  cross-sectional  FESEM  image  of  Ti  thin  film  deposited  at  one  face  of  the 
NTs. 


100  s.  Alumina  membranes  were  mounted  on  a  Si  wafer  in  a  bridge 
like  geometry  (supported  from  the  two  side  bottoms  and  hang¬ 
ing  the  membrane  over  the  supports)  so  that  the  vapor  species 
can  enter  through  both  the  top  and  bottom  faces  of  the  pores  to 
guarantee  conformal  coatings.  Ti02  deposition  rate  was  found  to 
be  approximately  0.33  A  per  cycle.  To  fabricate  Ti02  NTs  with  the 
wall  thicknesses  of  2,  5,  20  and  40  nm,  ALD  cycles  of  60,  150,  600 
and  1 200,  respectively,  were  carried  out.  As-grown  Ti02  coated  alu¬ 
mina  membranes  were  then  annealed  at  400  °C  in  air  for  1  h  in  a 
box  furnace. 

The  structural  and  morphological  properties  of  the  Ti02  NTs 
were  characterized  by  X-ray  diffraction  (XRD),  transmission  elec¬ 
tron  microscopy  (TEM)  and  scanning  electron  microscopy  (SEM). 
XRD  patterns  were  recorded  with  0-20  configuration  by  Philips 
X’pert  system  using  Cu  Ka  radiation.  The  morphology  of  NTs  was 
observed  by  JEOLJMS-7401F  scanning  electron  microscope  (SEM). 
AJEOL-FEM  4010  transmission  electron  microscope  (TEM)  oper¬ 
ating  at  400  kV  was  used  to  obtain  TEM  and  HRTEM  images  of 
the  NTs.  For  TEM,  samples  were  prepared  by  dissolving  the  alu¬ 
mina  membrane  in  1  M  aqueous  NaOH  solution  and  dispersing  the 
NTs  ultrasonically  in  de-ionized  water  and  dropping  the  dispersed 
solution  on  a  carbon  coated  copper  grid. 

All  electrochemical  measurements  were  performed  using  two- 
electrode  cells.  Galvanostatic  cycling  tests  were  performed  using 
Ti02  NTs  as  working  electrodes.  As  current  collector,  we  deposited 
Ti  metal  by  e-beam  evaporation  onto  the  NTs  which  were  supported 
by  alumina  membranes.  Li  metal  was  used  as  the  counter  electrode. 
Glass  micro  fibers  (Whatman,  UK)  were  used  as  separators.  Elec¬ 
trolyte  was  a  solution  of  1  M  lithium  hexafluorophosphate  (LiPF6) 
in  1:1  mixture  of  ethylene  carbonate  and  dimethyl  carbonate.  No 
binders  or  conducting  carbon  were  used.  Cell  assembly  was  carried 
out  in  an  Ar-filled  glove  box  and  packed  into  a  coin  cell.  The  cells 
were  galvanostatically  cycled  using  a  Won  A  Tech  WBCS  3000  sys¬ 
tem  and  measuring  potential  was  in  a  potential  range  of  0.7-3.0  V 
(Li+/Li)  at  current  rates  from  the  C/10  to  1785C  (1  C  =  one  lithium 
per  formula  unit  in  1  h).  The  mass  of  Ti02  NTs  was  measured  directly 
using  a  microbalance  (XR205SM-DR,  with  precision  of  10  p,g). 

3.  Results  and  discussion 

Porous  alumina  templates  used  have  an  average  pore  diameter 
of  ~200nm,  channel  length  of  ~60  pm  with  aspect  ratio  of  ~300 
and  pore  density  of  ~109  cm-2.  Cross-sectional  FE-SEM  image  of 
the  well  ordered  NT  array  inside  the  AAO  membrane  is  shown 
in  Fig.  1.  The  shape  of  the  NTs  is  exactly  the  same  as  the  pores 


164 


S.K.  Panda  et  al.  /  Journal  of  Power  Sources  204  (2012)  162-167 


(~200  nm  outer  diameter  and  ~60  |xm  in  length)  in  the  templates. 
The  templates  were  not  removed  after  ALD  cycles,  which  provide 
mechanical  support  to  the  NTs  and  make  them  easy  in  handling. 
The  alumina  barrier  between  the  NTs  further  acts  as  a  proactive 
structural  buffer  against  the  agglomeration  of  NTs.  Inset  of  Fig.  1 
illustrates  the  cross-sectional  FE-SEM  image  of  the  deposited  Ti  thin 
film  on  one  face  of  the  NTs,  which  acts  as  current  collector.  Since  the 
NTs  are  directly  connected  to  the  current  collector,  electrons  can  be 
quickly  transferred  from  the  redox  site  to  the  collector  through  an 
efficient  way  without  using  external  conducting  particles  and/or 
binders  which  is  of  great  significance  to  enhance  the  rate  capabil¬ 
ity  of  the  anode  material.  XRD  pattern  of  the  as-deposited  NT  array 
(Fig.  2a)  with  20  nm  tube  wall  thickness  inside  the  alumina  tem¬ 
plate  doesn’t  show  any  diffraction  peak  (except  one  around  20  =  38° 
corresponds  to  the  main  peak  from  the  e-beam  evaporated  Ti  (0  0  2) 
metal  layers  as  current  collectors)  corresponding  to  crystalline  Ti02 
phases  in  the  diffraction  pattern  of  as-deposited  NTs  which  indi¬ 
cates  that  the  as-grown  NTs  are  amorphous.  Annealed  NTs  show 
diffraction  peaks  corresponding  to  anatase  (Ti02)  phase  with  lat¬ 
tice  constants  of  a  =  3.785  A  and  c  =  9.51 3  A  (JCPDS  card  No.  211272). 
Annealing  of  the  NTs  at  400  °C  in  air  for  1  h  leads  to  a  transforma¬ 
tion  from  amorphous  to  tetragonal  anatase  phase  [36].  The  sharp 
and  intense  diffraction  peaks  in  the  XRD  pattern  of  the  20  nm  in  the 
thickness  of  NTs  indicate  complete  crystallization  containing  large 
enough  grains.  As  expected,  line-width  of  the  diffractions  increases 
for  5  nm  in  thickness  of  NTs  as  a  result  of  small  crystals’  size  broad¬ 
ening.  From  bright  field  TEM  images  of  Fig.  2b,  the  obtained  average 
wall  thicknesses  are  ~5,  20  and  40  nm  which  are  corresponding 
to  the  150,  600  and  1200  cycles  of  ALD,  confirming  almost  con¬ 
stant  growth  rate  of  ~0.33  A  per  cycle.  TEM  images  further  prove 
that  the  average  outer  diameter  of  the  NTs  is  ~200nm  which  is 
the  same  as  the  average  pore  diameter  of  the  alumina  template 
and  the  pores  are  almost  conformally  coated  by  Ti02.  Selected  area 
electron  diffraction  (SAED)  patterns  reveal  that  the  NTs  are  anatase 
Ti02,  which  is  consistent  with  the  XRD  results.  ALD  is  the  method 
that  can  meet  the  high  demands  of  structural  parameters  including 
the  diameter,  length  and  wall  thickness  [37-40]. 

Fig.  3a  demonstrates  the  electrochemical  performances  of 
anatase  Ti02  NT  based  anodes  with  the  function  of  the  wall  thick¬ 
nesses  in  galvanostatic  mode  using  a  C/10  current  rate  between  3.0 
and  0.7  V.  Array  of  NTs  with  the  wall  thicknesses  of  2,  5,  20  and 
40  nm  was  used  as  anodes  for  the  present  study.  The  shape  of  the 
charge  and  discharge  curves  is  in  well  agreement  with  the  previous 
reports  on  Ti02  NT,  nanorod  and  nanoparticle  based  anodes  where 
the  discharging  and  charging  plateaus  were  appeared  at  ~1.7V 
and  ~1.8  V,  respectively  [15,32,41,42].  The  discharge  curves  of  the 
present  study  can  be  classified  into  three  zones:  a  sharp  decrease 
in  potential  (above  ~1.70V),  a  plateau  region  (at  ~1.70V)  and  a 
continuous  sloped  region  (below  ~1.60V).  The  plateau  region  in 
the  charging  curve  appears  above  1.80  V,  which  is  at  higher  poten¬ 
tial  compared  to  the  discharge  plateau  (~1.70  V).  This  fact  suggests 
that  the  Li  intercalation  in  Ti02  matrix  arises  at  lower  potential 
than  the  de-intercalation.  The  Li  insertion  above  ~1.70  V  (i.e.,  ini¬ 
tial  monotonous  potential  decrease  region)  in  the  discharge  curve  is 
caused  by  the  formation  of  a  solid  solution  [32].  The  insertion  of  Li- 
ions  in  this  region  does  not  cause  any  structural  change  and  create 
a  Li-poor  phase  with  the  same  space  group  (Mj/amd)  as  anatase. 
It  is  noted  that  the  capacity  related  to  the  solid  solution  regions 
have  been  reduced  in  the  second  discharge  curves  compared  to 
the  first  discharge,  which  occurs  due  to  the  irreversible  capacity 
caused  by  the  solid-electrolyte  interphase  (SEI)  formation  in  the 
first  cycle.  This  SEI  formation  is  permanent  and  the  corresponding 
capacity  is  lost  during  the  first  discharge  cycle,  which  takes  part  in 
the  large  irreversible  capacity.  The  appearance  of  the  flat  plateau 
in  the  charge/discharge  curve  denotes  phase  equilibrium  between 
anatase  Ti02  and  LixTi02  (x  =  0.5)  within  which  half  of  Ti4+  is 
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Fig.  2.  (a)  XRD  6-26  scan  of  as-deposited  (wall  thickness  t=20nm)  and  annealed 
(5  nm  and  20  nm  wall  thickness)  NTs  (b)  TEM  images  of  annealed  (anatase)  NTs  with 
wall  thicknesses:  5  nm,  20  nm,  40  nm.  Insets  show  the  SAED  patterns  corresponding 
to  the  NTs. 


converted  to  Ti3+  along  with  the  insertion  of  Li  ions  [43].  In  this 
region,  Li  insertion  into  the  interstitial  octahedral  sites  of  the 
anatase  crystal  takes  place.  As  a  result,  a  phase  transformation 
from  tetragonal  to  orthorhombic  is  observed  leading  to  Li0.5TiO2 
with  the  expense  of  anatase  phase.  The  capacity  corresponding  to 
this  plateau  region  is  almost  reversible.  A  large  part  of  the  dis¬ 
charge  curves  is  made  of  a  long  slope  region  (<1 .60  V),  which  mainly 
occurs  due  to  the  surface  effects.  The  sloped  region  is  formed  by  the 
additional  insertion  of  the  Li  ions  into  the  surface  layer  under  the 
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irreversible  capacity  loss  for  NT-based  anodes  are  ~100  (x~0.3), 
180  (x~0.5),  720  (x~2.2)  and  1300  mAh g_1  (x~4.0)  for  the  wall 
thicknesses  of 40, 20, 5  and  2  nm,  respectively.  Table  1  summarizes 
all  the  reversible  and  irreversible  capacities  obtained  from  the  1st 
and  2nd  discharging  of  the  NT  array  for  different  wall  thicknesses. 
The  reversible  specific  capacity  of  the  40  nm  thick  NT-based  anode 
is  similar  to  the  capacity  for  bulk  anatase  Ti02  (~168mAhg-1) 
[28].  For  20  nm  thick  NTs,  the  reversible  specific  capacity  became 
~220mAhg-1  leaving  an  irreversible  capacity  loss  ~180mAhg-1. 
Therefore,  reversible  capacity  increases  with  decrease  in  the  wall 
thickness  and  reaches  to  330 mAh g-1  (x~l)  for  5nm  thick  NTs. 
This  phenomenon  is  similar  to  the  Ti02  nanoparticles  reported 
recently  where  the  capacity  reaches  to  the  maximum  theoretical 
value  of  335  mAh  g-1  (x  =  l)  below  the  particles’  mean  diameter 
of  7  nm  [31,32].  Maximum  value  of  lithium  fraction  (x)  in  LixTi02 
should  be  1  for  pure  crystalline  phase.  In  the  present  study,  the 
value  of  x  has  been  exceeded  1  which  results  from  the  very  large 
specific  surface  area,  small  wall  thicknesses  of  the  NTs  and  imper¬ 
fections  in  the  crystals.  Also  the  main  effect  of  increasing  surface 
area  is  to  broaden  the  energy  levels  accessible  to  materials,  and  thus 
leading  to  a  voltage  distribution  at  which  the  electrochemical  reac¬ 
tion  takes  place.  The  correlation  between  specific  surface  area  and 
capacity  of  nanostructured  materials  has  been  previously  observed 
in  mesoporous  Ti02  and  nanoparticles  [44].  As  a  result,  the  first 
discharge  capacities  for  2  and  5  nm  thick  NTs  are  outstanding  and 
observed  for  the  first  time  using  anatase  Ti02.  The  specific  surface 
area  of  NT-based  anodes  have  been  calculated  (considering  only  the 
inner  surface  of  the  tubes  because  the  outer  surface  is  covered  by 
alumina  templates)  and  plotted  with  the  wall  thicknesses,  which  is 
shown  in  Fig.  3b.  Specific  surface  area  and  the  first  discharge  spe¬ 
cific  capacities  of  the  NT  anodes  are  found  to  increase  exponentially 
with  the  reduction  of  the  wall  thicknesses.  For  2  nm  wall  thickness, 
the  surface  area  reaches  to  a  maximum  ~1 50  m2  g-1  and  reduces  to 
~10m2  g-1  for  40  nm  in  the  wall  thickness.  The  increased  surface 
area  can  inevitably  increase  the  proportion  of  the  total  numbers 
of  atoms  lie  near  or  on  the  surface  and  subsequently  increase  the 
intercalation  of  Li  on  or  near  the  surface.  Since  the  sloped  region  of 
the  discharge  curve  (<1.60V)  mainly  represents  the  intercalation 
of  Li  ions  at  the  surface,  the  length  of  this  region  should  increase 
with  decrease  in  tube  wall  thickness.  The  results  are  also  consistent 
with  this  argument.  The  length  of  the  slope  region  is  maximum  for 
2  nm  NTs  and  minimum  for  40  nm  NTs.  It  has  been  reported  that 
the  Li  ions  inserted  in  the  surface  layers  are  highly  reversible  except 
those  are  trapped  in  the  initial  insertion  because  of  dangling  bonds 
and  surface  disordering  [43].  Increase  in  the  specific  surface  area 
may  increase  the  initial  trapping  probability  of  Li  ions  on  the  sur¬ 
face,  which  results  large  irreversible  capacity  with  decrease  in  the 
wall  thickness.  The  large  irreversible  capacity  may  results  from  the 
reaction  between  adsorbed  water  molecules  on  the  NTs  and  Li-ions 
by  the  following  reaction  [42]: 


Fig.  3.  (a)  Electrochemical  performance  of  anatase  Ti02  NTs  with  2,  5, 20  and  40  nm 
wall  thicknesses  as  anode  in  galvanostatic  mode  using  a  C/10  current  rate,  (b)  Plot 
of  specific  surface  area  and  specific  capacity  of  NT-based  anodes  with  various  wall 
thicknesses,  (c)  Plot  of  second  discharge  curves  for  various  tube  wall  thicknesses. 

external  force  of  the  electric  field  after  the  filling  up  of  all  avail¬ 
able  interstitial  octahedral  sites.  Since  the  nanomaterials  have  very 
high  surface  to  volume  ratio,  the  role  of  this  region  is  prominent 
compared  to  the  bulk. 

The  discharge  and  charge  capacities  are  found  to  increase  with 
decrease  in  the  wall  thickness.  First  discharge  capacities  for  40, 
20,  5  and  2nm  thick  NTs  are  around  270  (x~0.8),  400  (x~1.2), 
1050  (x~  3.1)  and  1700  mAh  g-1  (x~5.2),  respectively.  The  capac¬ 
ities  in  the  second  discharge  (reversible)  are  decreased  to  170 
(x~  0.5),  220  (x~0.7),  330  (x~1.0)  and  400  mAh g-1  (x~1.2),  for 
40, 20, 5  and  2  nm  thick  NT  anodes,  respectively.  The  corresponding 


H20  +  Li+  +xe-  LixOH  +  V2H2  (2) 

The  water  adsorption  onto  the  NTs  is  proportional  to  the  sur¬ 
face  area.  Therefore,  the  2  and  5  nm  thick  NTs  have  large  specific 
surface  area  and  should  have  absorbed  large  amount  of  water 
molecules,  which  may  lead  the  reaction  between  water  and  Li-ions 
and  produce  large  irreversible  capacity.  This  reaction  rate  is  not 
much  significant  in  the  case  of  20  and  40  nm  thick  NTs  due  to  their 
relatively  low  specific  surface  area.  Upon  subsequent  cycling,  irre¬ 
versible  capacity  is  not  observed,  indicating  that  water  have  been 
completely  consumed  during  the  first  discharging  process. 

The  bi-phasic  plateau  region  is  also  dependent  on  the  NT  wall 
thickness.  The  length  of  the  plateau  region  at  ~1.70V  becomes 
less  resolved  with  decreasing  thickness  of  Ti02  NTs.  Shortening 
of  plateau  region  is  also  thought  to  be  related  to  the  increase  in 
specific  surface  area.  Li  intercalation  in  nanostructured  anatase 
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Table  1 

Reversible  and  irreversible  capacities  obtained  from  the  1st  and  2nd  discharging  of  the  Ti02  NT  array  based  anodes  with  2,  5,  20  and  40  nm  wall  thicknesses. 


Tube  wall 
thickness  (t)  (nm) 

1st  discharging 

2nd  discharging  (reversible) 

Irreversible 

Capacity  ( mAh  g-1 )  Lithium  fraction  (x) 

Capacity  (mAh  g_1) 

Lithium  fraction  (x) 

Capacity  (mAh g_1) 

Lithium  fraction  (x) 

2 

1700 

5.2 

400 

1.2 

1300 

4.0 

5 

1050 

3.1 

330 

1.0 

720 

2.2 

20 

400 

1.2 

220 

0.7 

180 

0.5 

40 

270 

0.8 

170 

0.5 

100 

0.3 

electrode  occurs  in  both  the  surface  and  bulk  region.  As  the  wall 
thickness  reduces,  the  surface  area  plays  dominant  role  in  Li  inter¬ 
calation  because  the  interstitial  octahedral  sites  decrease  due  to 
the  increase  in  total  number  of  atoms  on  the  surface.  Therefore, 
larger  the  surface  area  means  large  number  of  atoms  on  the  sur¬ 
face  and  lesser  the  octahedral  sites  for  Li-intercalation  and  hence 
the  length  of  the  plateau  region  reduces.  In  the  second  discharge 
curve  for  2  nm  thick  Ti02  NTs,  the  bi-phasic  region  has  almost  been 
eliminated  and  the  discharge  curve  looks  similar  to  amorphous 
Ti02  anode.  This  is  because  of  very  thin  wall  thickness,  which  may 
suppress  the  octahedral  sites  and  hosts  Li  ions  mostly  on  the  sur¬ 
faces.  The  solid  solution  region  of  the  charge/discharge  curve  (initial 
monotonous  potential  decrease  >1.70V)  also  depends  on  the  wall 
thickness  of  the  NTs.  Nanoparticles  (mean  diameter  of  ~6  nm)  can 
host  up  to  x  =  0.22  Li  fraction  while  maintaining  the  anatase  struc¬ 
ture  [17].  It  has  been  further  reported  that  the  Ti02  nanoparticles 
with  diameter  120  nm  and  7  nm  can  host  0.03  and  0.21  Li  fractions, 
respectively  [31  ].  Therefore,  the  value  of  Li  fraction  in  the  solid  solu¬ 
tions  increases  with  decrease  in  size.  In  our  present  study,  we  have 
also  observed  the  increase  in  length  of  the  solid  solution  region 
with  decrease  in  the  NTs’  wall  thicknesses  (Fig.  3c).  The  solid  solu¬ 
tion  region  for  40  and  20  nm  thick  NTs  are  almost  identical  but 
the  capacity  corresponding  to  this  region  is  highest  for  2  nm  one 
followed  by  5  nm  NTs.  The  phase  diagram  for  Li  and  Ti02  also  sug¬ 
gests  that  the  solid  solubility  of  Li  in  anatase  Ti02  increases  with 
the  reduction  of  particle  size  [31  ]. 

Rate  capability  plot  of  the  Ti02  NT-based  anodes  for  various  wall 
thicknesses  (Fig.  4)  represents  the  significant  improvement  of  the 
rate  performance  with  decrease  in  the  wall  thickness  up  to  5  nm. 
Specific  capacities  for  5,  20  and  40  nm  NT-based  anodes  at  1  C  cur¬ 
rent  rate  are  ~250,  140  and  90mAhg_1,  respectively.  Maximum 
C-rate  achieved  for  5,  20  and  40  nm  NT-based  anodes  are  1785  C, 
60  C  and  10C,  respectively,  before  the  cells  electrically  collapse.  At 
faster  charging/discharging  rate,  Li  intercalation/de-intercalation 


Fig.  4.  Rate  capability  of  the  Ti02  NT-based  anodes  for  various  tube  wall  thicknesses. 
Inset  shows  the  current  density  dependence  of  the  specific  capacity. 
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Fig.  5.  Cycle  response  curve  for  the  5  nm  thick  NT  anode  at  1  C  current  rate. 


only  occurs  near  the  surface  of  the  NTs  because  of  the  very  short 
diffusion  time.  Due  to  the  shorter  Li-diffusion  length,  most  of  the 
interstitial  octahedral  sites,  which  remain  deeper  are  still  unoccu¬ 
pied  by  Li-ions  in  the  very  short  diffusion  time.  In  case  of  5  nm 
thick  NTs,  specific  surface  area  is  higher  compared  to  20  and  40  nm 
NTs  and  most  of  the  atoms  lie  near  to  the  surface  where  mainly 
intercalation  takes  place.  Because  of  this  large  surface  area,  5  nm 
thick  NT-based  anodes  can  respond  faster  and  show  better  rate 
performance  compared  to  20  and  40  nm  NTs.  Whereas,  the  Li-ion 
insertion  mainly  takes  place  into  the  octahedral  sites  rather  than 
the  surface  in  20  and  40  nm  NTs.  A  considerable  amount  of  time 
is  required  to  diffuse  the  Li-ions  into  the  deeper  octahedral  sites. 
Therefore,  a  slow  charging/discharging  rate  is  preferred  for  com¬ 
plete  filling  up  the  unit  cells  with  Li-ions  for  thicker  NTs  which 
render  poor  rate  performance. 

NT-array  based  anode  with  the  wall  thickness  of  5  nm  shows 
best  performance  in  term  of  reversible  specific  capacity  and  rate 
capability  compared  to  the  others.  Therefore,  5  nm  wall  thickness 
NT-array  as  an  anode  is  expected  to  yield  an  excellent  cyclabil- 
ity.  The  cycle  performance  curve  of  Fig.  5  represents  excellent  flat 
behavior  even  after  500  cycles.  The  charge  and  discharge  capacity 
after  500  cycles  is  ~250mAhg-1  which  is  corresponding  to  ~0.70 
Li  per  Ti02.  The  capacity  after  5th  cycle  is  ~260  mAh  g-1 .  Therefore, 
~95%  capacity  retention  from  the  5th  cycle  is  observed  after  500 
cycles  which  is  outstanding  for  Ti02  NT-based  anodes.  The  excel¬ 
lent  specific  capacity,  high  rate  capacity  and  cyclability  render  5  nm 
in  wall  thickness  anatase  NT-array  a  promising  anode  material  for 
Li-ion  battery  for  high  power  and  high  energy  density  applications. 

4.  Summary  and  conclusions 

In  summary,  Ti02  NTs  with  precisely  controlled  wall  thickness 
have  been  grown  successfully  by  ALD  using  anodic  alumina  mem¬ 
brane  as  template.  The  performance  of  the  Li-ion  cells  strongly 
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depend  on  the  wall  thickness  of  the  NT-based  anode.  Both  the 
reversible  and  irreversible  capacities  increase  with  decrease  in  NTs’ 
wall  thickness.  With  decrease  in  wall  thickness,  rate  performance 
also  improves  significantly.  NTs  with  wall  thickness  5nm  show 
excellent  performance  in  term  of  specific  capacity  (330  mAh  g-1, 
x~l,at  C/10  current  rate),  rate  capability  [250 mAh g-1  (x~0.70) 
at  1  C,  90  mAh  g-1  (x  ~  0.30)  at  60  C]  and  cyclability  (capacity  reten¬ 
tion:  250  mAh  g-1  after  500  cycles).  Therefore,  5nm  anatase  NTs 
are  promising  anode  material  for  Li-ion  battery  for  high  power  and 
high  energy  density  applications. 
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